How motion onset asynchrony (MOA) alters the effects of stimulus size on reaction time (RT) for direction discrimination of a drifting grating was examined. MOA is a delay from the stimulus onset to the onset of motion. Without MOA, RTs were found to increase as the stimulus size was increased at high contrast, but decrease with it at low contrast or at high noise levels. With MOA, however, RTs did not increase as the stimulus size increased even at high contrast. These results suggest that sudden stimulus onset evokes the increase of RTs with the increase of stimulus size at high contrast. RTs for direction discrimination of a drifting Gabor patch (the target) surrounded by a different drifting or a static grating as well as RTs for the target that was not surrounded by an additional grating were measured. The RTs for the target moving in the same or opposite direction as the motion of the surrounding grating were larger than those for the target with the static grating or no additional grating at moderate or high contrast. There was no significant difference between the RTs for the target moving in the same direction as the surrounding grating and the RTs for the target moving in the opposite direction. At low contrast and without MOA, however, the RTs for the target moving in the same direction as the surrounding grating were larger than those for the target moving in the opposite direction. These results suggest surround suppression at low contrast under some conditions. They also suggest that the decrease of RTs for discriminating motion direction of a drifting single Gabor patch with the increase of stimulus size at low contrast does not necessarily mean the absence of surround suppression.
Introduction
As stimulus size increases, duration or phase-step thresholds for motion direction discrimination decrease at low contrast and increase at high contrast (Tadin et al., 2003) . This means that the increase of information that accompanies the increase of stimulus size deteriorates the direction discrimination performance. This phenomenon is counterintuitive, and is sometimes called the paradoxical motion percept (Aaen-Stockdale et al., 2009; Glasser & Tadin, 2010) . The paradoxical motion percept can be explained by an adaptive change of surround suppression in motion processing as a function of luminance contrast; surround suppression is stronger at high contrast than at low contrast. At high contrast, a large stimulus activates surround suppressive regions, which should inhibit the activity of motion processing units and deteriorate the direction discrimination performance. At low contrast, a large stimulus activates expanded excitatory regions, which should enhance the response. Tadin et al. (2003) also examined how noise affects duration thresholds, and found that at a low noise level duration thresholds increase as stimulus size increases, whereas at a high noise level they decrease as stimulus size increases. These results indicate that noise addition eliminates the paradoxical effect of stimulus size as does contrast reduction, and they also suggest that the effect of stimulus size depends on the visibility of the stimuli.
The adaptive change in center-surround interaction according to the visibility or signal to noise ratio (SNR) is informationtheoretically efficient (Atick, 1992; Atick & Redlich, 1990; Barlow, Fitzhugh, & Kuffler, 1957; van Hateren, 1993) . Motion signals in adjacent regions are similar and correlated. For high visibility or SNR, information transmission can be increased by sending the difference of motion signals in nearby regions to reduce redundancy. Thus, antagonistic center-surround interaction is preferable. However, for low visibility or SNR due to low contrast or high noise levels, the outputs of individual motion units are unreliable. Hence, integrative or facilitative center-surround interaction is information-theoretically feasible. The contrast or noise dependency of the size effect found by Tadin et al. (2003) can be interpreted as the optimization of information transmission.
The paradoxical effect of stimulus size on motion perception was replicated in other studies (e.g., Lappin et al., 2009; Tadin & Lappin, 2005) . However, some methodological issues have been raised concerning it. Churan, Richard, and Pack (2009) measured phase-step thresholds for direction discrimination in the same way as Tadin et al. (2003) , with a brief delay from the stimulus onset to the onset of motion, which is referred to as motion onset asynchrony (MOA), and from the termination of motion to the disappearance of the stimulus, which is referred to as motion termination asynchrony (MTA). They found that the effect of stimulus size at high luminance contrast disappeared when the delay was larger than 120 ms. They suggested that the masking effect of sudden stimulus onset and disappearance could explain the effect of size on direction discrimination at high contrast. Churan et al. (2008) reported that motion stimuli briefly presented for 40 ms activated surround suppressed neurons in MT (middle temporal area) more than non-surround suppressive neurons, and that motion stimuli present for a longer duration (100 ms) activated both types of neurons. These results also suggest that stimulus onset and disappearance due to short duration strengthens surround suppression. MOA and MTA should weaken surround suppression by reducing the effect of stimulus onset and disappearance. This would explain the elimination of the size effect due to MOA at high contrast. However, Glasser and Tadin (2010) pointed out that the low speeds required to measure phase-step thresholds may contribute to weak surround suppression. Lappin et al. (2009) showed that an increase of duration thresholds with an increase of the stimulus size was not observed in motion at low speeds. The weak effect of stimulus size on phase-step thresholds with MOA at high contrast may be explained by weak surround suppression at low speeds.
Motion assimilation of two-step motion found by Ohtani, Ido, and Ejima (1995) and Ido, Ohtani, and Ejima (1997) suggests that the stepwise motion used by Churan et al. (2009) strengthens integrative or additive center-surround interaction. Ohtani, Ido, and Ejima (1995) and Ido, Ohtani, and Ejima (1997) showed that when surrounding sinusoidal gratings are displaced by a 90°phase and a center grating is simultaneously displaced by a 180°phase (that is, the contrast polarity of the center grating is reversed) the center grating appears to move in the same direction as the surrounding gratings move. This implies that center-surround interaction for stepwise motion is facilitative. The motion used by Churan, Richard, and Pack (2009) for the long MOA was very similar to the stepwise motion used by Ohtani, Ido, and Ejima (1995) and Ido, Ohtani, and Ejima (1997) . Phase-step thresholds may not be suitable for studying surround suppression because the stepwise motion may strengthen surround facilitation. Aaen-Stockdale et al. (2009) raised a different issue about the paradoxical effect of stimulus size and contrast. They showed that the contrast dependency of the paradoxical size effects reported by Tadin et al. (2003) could be explained by low-level mechanisms without surround suppression. Having normalized the stimuli relative to the contrast threshold, Aaen-Stockdale et al. (2009) showed that the effects of size and contrast could be entirely explained by the relative contrast of the stimulus. Recently, however, Glasser and Tadin (2010) presented experimental results that could not be explained by the relative contrast. However, because they used a short presentation time, their results may be explained by the masking effect of stimulus onset as suggested by Churan, Richard, and Pack (2009) .
The paradoxical effect of stimulus size was also reported in studies on the RT for motion direction discrimination and simple reaction to motion. Tadin et al. (2007) reported that RTs for simple reaction or direction discrimination increase with the increase of stimulus size at high contrast, but decrease at low contrast. These results are consistent with the results of duration or phase-step thresholds reported by Tadin et al. (2003) . They also showed that the same pattern of results was observed regardless of whether the motion stimulus appeared abruptly or if the stimulus was a stationary grating that moved abruptly. These results indicate that the paradoxical decrease of performance with the increase of stimulus size occurs even with MOA, which is inconsistent with the effects of MOA on phase-step thresholds reported by Churan, Richard, and Pack (2009) . The speed of stimuli must be low for the measurement of phase-step thresholds. Low speeds may be the reason why the paradoxical effect of stimulus size at high contrast disappears with MOA as pointed by Glasser and Tadin (2010) . Stimuli moving at a sufficiently high speed can be presented if the RT is used as a measure for motion perception performance. However, how the paradoxical size effect measured by the RT is changed with MOA has not been fully understood yet. This study examined the effects of MOA on the paradoxical effect of stimulus size using RT.
Induced motion is a phenomenon where the motion perception of a stimulus is affected by the motions of other stimuli surrounding it. Spatial interaction in motion information has also been investigated using induced motion. It has been shown that noise affects induced motion (Hanada, 2004 (Hanada, , 2010 . A static or counterphase flickering grating surrounded by smoothly moving gratings generally appears to move in the opposite direction to the motion direction of the surround (Levi & Schor, 1984; Over & Lovegrove, 1973) . However, at a high noise level, a static or counterphase flickering grating tends to appear to move in the same direction as the motion direction of the surround (Hanada, 2004 (Hanada, , 2010 . This suggests that surround suppression weakens as the noise level increases. The size effect reported by Tadin et al. (2003) also suggests a weakening of surround suppression due to large noise levels. However, the effect of noise on the paradoxical motion percept has not been examined using RTs. In this study, the dependency of the paradoxical size effect on noise was also examined using the RT.
Center and surround configurations are used in studies of induced motion. The distinctiveness between center and surround may modulate center-surround interaction. Reaction times for motion onset were examined by Kuldkepp et al. (2011) using a center-surround spatial configuration. They employed as the target stimulus a drifting grating that was surrounded by either a static grating or a grating moving in the same or opposite direction as the motion direction of the target. They found that RTs for motion onset of the target were shorter with the static surround than with the moving surround irrespective of the motion direction of the surround. There was little difference between the RTs for the target moving in the same direction as the surround and the RTs for the target moving in the opposite direction. Thus, no relative motion effect was displayed in the RT for motion onset. However, as far as we know, the relative motion effect on RTs for discriminating motion direction has not been examined yet. To examine the dependency of the center-surround interaction in motion on noise, contrast, and MOA, we measured RTs for direction discrimination of a drifting Gabor patch (the target) surrounded by a different grating moving in the same or opposite direction as the target. RTs for the target surrounded by a static grating and without any surrounding grating were also measured as controls.
Experiment 1
Reaction times for discriminating motion direction of a single drifting Gabor patch were measured. The stimulus size, luminance contrast, noise levels, and MOA were varied.
Methods

Apparatus
Stimuli were generated by the visual stimulus generator ViSaGe (Cambridge Research Systems Ltd.). This apparatus was able to display 256 colors through R, G, and B channels, each of which had a 14-bit DAC (digital-to-analog converter). Stimuli were displayed on a color CRT (cathode-ray tube) display. The viewing distance was 65 cm. The refresh rate of the display was 60 Hz. The display size was 1024 pixels Â 768 pixels, with a subtended viewing angle of 30°Â 23°. The background luminance was 40 cd/m 2 . Observers binocularly viewed the display in a dark room with their head supported by a chin rest.
Participants
Ten undergraduate or graduate students participated in this experiment. They were unaware of the purpose of the experiment. All the participants had normal or corrected-to-normal acuity.
Stimuli
The stimulus was a drifting Gabor patch. Examples of the stimuli used in this experiment are shown in Fig. 1a and b. The stimulus parameters of size, contrast, spatial frequency, and speed were the same as those shown in Fig. 1 in the paper of Tadin et al. (2003) . The spatial frequency was 1.0 cycles per degree (cpd), and the speed was 2.0°/s. (The drifting frequency was 2.0 Hz.) Thirty frames of the stimulus were drawn and stored before each trial, and the images were sequentially presented. If all the 30 images were presented, the same image sequence was replayed again. There were two conditions: we refer to these as the contrast condition and the noise condition. In the contrast condition, the luminance contrast of the stimulus was varied. We used six luminance contrasts, which had Michelson contrasts of 2.8%, 5.5%, 11%, 22%, 46%, and 92%. The stimulus size was also varied. The size was defined as the 2r width of a Gabor patch. We used five sizes: 0.7°, 1.3°, 2.7°, 4°, and 5°.
In the noise condition, random pixel noise was distributed uniformly between Àx and x cd/m 2 and added to the original stimulus.
The noise level was defined by x/L m , where L m indicates the mean luminance (in units of cd/m 2 ). We used four levels of noise: 0, 0.25, 0.5, and 0.75. Noise was refreshed at every frame. The luminance contrast of the Gabor patch was fixed at a Michelson contrast of 22%. The size of the Gabor patch was varied in the same way as in the contrast condition trials.
Procedure
In each trial, a drifting Gabor patch was presented. The participants were asked to respond to the motion direction by pressing the corresponding button of a gamepad as quickly as possible. They were also asked to minimize incorrect responses. The trial began when the starting button was pressed. There were two presentation conditions, which we refer to as the MOA-0 ms condition and the MOA-500+ ms condition. In the MOA-0+ ms condition trials, the drifting grating was presented abruptly around 250-1250 ms after the starting button was pressed. In the MOA-500+ ms condition, a static Gabor pattern was first presented 183 ms after the starting button was pressed. After an interval of 500-1500 ms from the onset of the static Gabor, the Gabor patch was moved to the right or left. Immediately after the participant responded or when she/he did not respond within 1.5 s, the stimulus disappeared.
In the contrast condition trials, the size and the contrast were varied during a testing session. Sixty combinations of parameters were tested for the contrast condition: five sizes Â six luminance contrasts Â two motion directions (leftward and rightward). During the noise condition trials, the size and the noise level were varied in a testing session. There were 40 combinations of parameters tested for this condition: five sizes Â four noise levels Â two motion directions. The participants responded six times to each of the stimulus conditions. Hence, there were 360 trials for the contrast condition and 240 trials for the noise condition. The MOA condition (MOA-0 ms or MOA-500+ ms) was also varied between sessions. The order in which the stimuli were presented was randomized.
Results
The RTs of incorrect responses were removed from the data. Further, the RTs larger or smaller than the average ±3 standard deviation in each session were also removed. Less than 2.0% of responses from each participant were incorrect (and a mean of 0.7%), and less than 3.5% of responses from each participant were discarded (with a mean of 2.0% of responses disregarded). The RTs were then collapsed over motion directions, and the average RT for each of the conditions was calculated. The RTs averaged across the participants in the contrast condition trials are shown in Fig. 2 . For the MOA-0 ms condition (Fig. 2a) , the RTs at contrasts of 2.8% and 5.5% decreased as stimulus size increased (although the effect of size at 5.5% was not statistically significant as shown below), whereas the RTs at 22%, 46%, and 90% increased with the increase of stimulus size. Thus, the counterintuitive increase of RTs with the increase of stimulus size at high contrast reported by Tadin et al. (2007) was replicated in this study. A two-way (contrast and size), repeated-measures ANOVA (analyses of variance) was conducted using the results. The main effect of contrast (F(5, 40) = 17.3, p < 0.001) was significant, but the main effect of size (F(4, 32) = 1.8, p = 0.15) was not significant. The interaction of contrast and size (F(20, 160) = 11.9, p < 0.001) was significant. The simple main effect of size was significant for contrasts of 2.8% (F(4, 192) = 31.8, p < 0.001), 22% (F(4, 192) = 3.3, p = 0.011), 46% (F(4, 192) = 7.1, p < 0.001), and 92% (F(4, 192) = 7.2, p < 0.001), but not for 5.5% (F(4, 192) = 1.1, p = 0.33) and 11% (F(4, 192) = 1.3, p = 0.27). The RTs at contrast of 2.8% decreased, and those at 22%, 46%, and 90% increased significantly as stimulus size increased.
In the MOA-500+ ms condition (Fig. 2b) , the RTs did not increase with stimulus size at high contrast, which was inconsistent with the results of Tadin et al. (2007) . A two-way (contrast and size) repeated-measures ANOVA showed that the main effects of contrast (F(5, 40) = 38.8, p < 0.001) and size (F(4, 32) = 8.9, p < 0.001) were significant, and the interaction of size and noise (F(20, 160) = 8.7, p < 0.001) was also significant. The simple main effect of size was significant for a contrast of 2.8% (F(4, 192) = 41.9, p < 0.001) and 5.5% (F(4, 192) = 4.9, p < 0.001), but not for the other contrasts. The RTs decreased significantly with the increase of stimulus size at 2.8% and 5.5% contrast, but did not vary significantly at the other contrasts.
The average RTs determined from the noise condition trials are shown in Fig. 3 . Fig. 3a shows the results from the MOA-0 ms condition trials. For a noise level of zero in the MOA-0 ms condition trials, the RTs increased as the stimulus size increased. Note that the luminance contrast at a noise level of zero was 22%, and this was the same as the condition at 22% contrast in the contrast condition. The results for the two conditions were similar. At a noise level of 0.25, the RTs decreased as the size changed from 0.7°to 1.3°, and increased as the size increased from 1.3°to 5.0°. At a noise level of 0.5, the RTs decreased as the size changed from 0.7°to 2.7°, and increased as the size increased from 2.7°to 5.0°. At a noise level of 0.75, the RTs decreased as the size increased from 0.7°to 2.7°, and did not change from 2.7°to 5.0°. A twoway (noise level and size) repeated-measures ANOVA showed that the main effects of noise level (F(3, 24) = 10.4, p < 0.001) and size (F(4, 32) = 6.1, p < 0.001) were significant, and the interaction of size and noise level (F(12, 96) = 5.6, p < 0.001) was also significant. The simple main effect of size was significant for noise levels of zero (F(4, 128) = 5.6, p < 0.001), 0.5 (F(4, 128) = 8.2, p < 0.001), and 0.75 (F(4, 128) = 7.1, p < 0.001), and was marginally significant for a noise level of 0.25 (F(4, 128) = 2.1, p = 0.081). A post hoc analysis by Ryan's method showed that at a noise level of 0.5, the RTs for a size of 2.7°were significantly shorter than those for a size of 0.7°o r 5.0°, which indicates that the RT curve for a noise level of 0.5 was U-shaped. The results for the MOA-500+ ms condition trials are shown in Fig 3b. At noise levels of 0.5 and 0.75, the RTs decreased as stimulus size increased. At noise levels of 0 and 0.25, the RTs did not vary with changes of the stimulus size. The noiseless stimulus trial had the same set of parameters as the 22% contrast trial in the contrast condition experiment. The RTs for the two conditions were similar. A two-way (noise level and size) repeated-measures ANOVA showed that the main effects of noise level (F(3, 24) = 16.3, p < 0.001) and size (F(4, 32) = 13.4, p < 0.001) were significant, and the interaction of size and noise level (F(12, 96) = 4.5, p < 0.001) was also significant. The simple main effect of size was significant for noise levels of 0.5 (F(4, 128) = 9.4, p < 0.001), 0.75 (F(4, 128) = 18.2, p < 0.001)), but not significant for noise levels of zero (F(4, 128) = 0.61, p = 0.66) and 0.25 (F(4, 128) = 0.9, p = 0.49). The RTs decreased significantly with the increase of stimulus size at noise levels of 0.5 and 0.75, but did not vary significantly at noise levels of zero and 0.25. Tadin et al. (2003) reported that the duration and phase-step thresholds for direction discrimination for a Gabor patch at high contrast increased as stimulus size increased, whereas at low contrast, they decreased as stimulus size increased. Tadin et al. (2007) also reported that RTs for discriminating motion direction at high contrast also increased as stimulus size increased, regardless of whether the motion stimulus appeared abruptly or if the stimulus was a stationary grating that moved abruptly. This experiment also showed that the RTs for the stimuli with no MOA at moderate and high contrast increased as stimulus size increased, whereas they decreased at low contrast with the increase of stimulus size. These results are consistent with the results of Tadin et al. (2007) . However, the RTs for the stimuli with MOA at high contrast did not change as stimulus size increased. This result is inconsistent with the results of Tadin et al. (2007) . Churan, Richard, and Pack (2009) also reported that MOA alters the effect of stimulus size on phase-step thresholds. They showed that with MOA larger than 120 ms, the paradoxical effect of stimulus size at high contrast disappears. Lappin et al. (2009) provided evidence, involving the effect of stimulus size, that surround suppression becomes weaker as the stimulus becomes slower. Glasser and Tadin (2010) suggested that the low speeds required to measure phase-step thresholds contributed to weak surround suppression for the stimuli with MOA. In our experiment, the same speed as in the study of Tadin et al. (2003) was used. Thus, the results of this experiment cannot be explained by the stimulus speed.
Discussion
The reason for the discrepancy in the effects of MOA between the study reported by Tadin et al. (2007) and this study is not clear. Some differences in the stimulus parameters may cause the discrepancy. Regardless of the reason, the fact remains that MOA can strongly alter the effect of stimulus size on RTs for direction discrimination in some conditions. It should be noted that the stimulus parameters used in this experiment were the same as those used by Tadin et al. (2003) for their experiment to measure duration thresholds. MOA eliminates the paradoxical effect of stimulus size at high contrast. This indicates that the temporal characteristics of stimulus presentation have large impacts on the effect of stimulus size.
The increase in RT at high contrast in the MOA-0 ms condition trials was not very large. Churan, Richard, and Pack (2009) also showed that not only MOA but also motion termination asynchrony (MTA) weakens the effect of stimulus size at high contrast. MTA should not have affected the RTs in this experiment because the stimulus disappeared after the response. The modest effect of stimulus size at high contrast could be explained by the lack of the effects of MTA. Tadin et al. (2003) attributed the effects of stimulus size to adaptive changes in the motion receptive fields of motion processing units in response to changes in the luminance contrast. However, the reduction of performance with the increase of stimulus size at high contrast disappears when MOA is introduced as shown in the study of Churan, Richard, and Pack (2009) and in this study. These results suggest that transient signals are essential for the paradoxical effect of stimulus size. The increase in the RTs or thresholds with the increase of stimulus size at high contrast may be caused by some kinds of making effects of stimulus onset such as strengthening of surround suppression by transient signals.
The reduction of performance due to the increase of stimulus size does not occur at low contrast. The masking effect of stimulus onset may be dependent on contrast; it may be large at high contrast, and small at low contrast.
The result that RTs decreased slightly with the increase of stimulus size at high contrast in the MOA-500+ ms condition trials does not necessarily mean that there is little surround suppression even though surround suppression seems to be weaker with MOA than without MOA. There is considerable physiological and psychophysical evidence that supports surround suppression in sustained motion at high and moderate contrast (e.g., Allman, Miezin, & McGuinness, 1985; Born, 2000; Levi & Schor, 1984; Murakami & Shimojo, 1995 , 1996 Over & Lovegrove, 1973; Tanaka et al., 1993) . As a stimulus becomes larger, it would be processed by more motion units. Because of probability summation, the direction discrimination performance may not change as stimulus size increases even if the motion units are suppressed by surround stimulation. What the present study showed is that sudden stimulus onset is an essential element for the explanation of the tendency for the RTs to increase with the increase of stimulus size in the MOA-0 ms condition. Aaen-Stockdale et al. (2009) demonstrated the paradoxical size effect using another measure of performance. They used a counterphase flickering grating as the target. To bias the motion energy in one direction, the contrast of a component grating moving in one direction was incremented, and the contrast of the component grating moving in the other direction was decremented. Thresholds of the contrast imbalance for direction discrimination were measured. Because of the fairly long stimulus duration (800 ms), motion onset and offset should not have strongly affected the measured performances. These experiments showed that the thresholds for direction discrimination increased as stimulus size increased at high contrast, whereas they decreased as stimulus size increased at low contrast. However, they also demonstrated that the results can be explained by mechanisms other than surround suppression.
The paradoxical effect of stimulus size on motion percept was also reported with motion aftereffect. Motion aftereffect becomes stronger as the stimulus becomes larger at low contrast, whereas it becomes weaker as the stimulus becomes smaller at high contrast (Tadin et al., 2003) . Because a much longer presentation time is used for motion aftereffect experiment, effects of sudden stimulus onset should be negligible in motion aftereffect. Thus, the paradoxical effect of stimulus size on motion aftereffect cannot be explained by sudden motion onset. MOA explains some aspects of the size effects on motion perception, but not all of them.
The effects of stimulus size on RTs for direction discrimination in the MOA-0 ms condition trials varied with the noise level. When no noise was added to the stimulus, RTs increased with the increase of stimulus size, whereas they decreased with it at a high noise level. Our results are consistent with the finding of Tadin et al. (2003) that a large noise level eliminates the effect of stimulus size at high contrast. At a moderate noise level, the RTs for MOA-0 ms were shortest at a medium stimulus size, and they became longer for larger or smaller stimulus sizes. (This tendency was also observed at contrasts of 5.5% and 11% in the results for the contrast condition shown in Fig. 2a , although the trend was very weak and not statistically significant.) These results imply that motion receptive fields expand and keep the suppression strength relatively constant when the noise level is increased.
Experiments 2a and 2b
Reaction times to discriminate the motion direction of a drifting Gabor patch surrounded by a peripheral moving grating were measured. The effects of luminance contrast, noise level, and motion onset asynchrony on the reaction time were examined.
Methods
Apparatus
The apparatuses were the same as those in Experiment 1.
Stimuli
The stimulus was a drifting Gabor patch surrounded by a peripheral moving or static grating. Examples of the stimuli used in this experiment are shown in Fig. 1c-f . Two spatial configurations were employed. In Experiment 2a, the radius of the central region was 1.6°. The size of the central Gabor (2r) was 1.3°. The surround grating spanned from 2.0°to 5.0°. The region from 1.3°t o 1.6°(between the center and surround) was a blank with the background luminance. In Experiment 2b, the radius of the central region was 3.4°. The size of the central Gabor was 2.7°. The surround grating spanned from 3.7°to 6.7°. The region from 3.4°to 3.7°was blank. If the increase in RT with the increase of stimulus size in the MOA-0 ms condition in Experiment 1 is due to surround suppression, the surround regions should be in the suppression areas. The spatial frequency for the center Gabor and the surround grating was 1.0 cpd. The drifting speed for the center was 2.0°/s as in Experiment 1. For the surround, there were four states, or conditions, used in the experiment: 'static', 'same', 'opposite', and 'none'. In the 'static' condition trials, the static grating was presented in the surround. In the 'same' and 'opposite' condition trials, a grating moving in the same or in the opposite direction to the central Gabor patch was presented in the surround. The drifting speed was 2.0°/s. The center and surround started to move simultaneously. In the 'none' condition trials only the central Gabor patch was presented, and the surround grating was not presented. Noise was also not presented in the surround for the 'none' condition. In the contrast condition, the luminance contrast of the center and surround were varied. The same contrasts (2.8%, 5.5%, 11%, 22%, 46%, and 92%) as in Experiment 1 were used. In the noise condition, the contrast for the center Gabor patch and the surround grating was 22%, and pixel noise was added to the center and surround. The same four noise levels as in Experiment 1 were used. The same manipulations of luminance contrast and noise were applied to both the center and the surround. The contrast or noise level for the center and the surround was the same except in the 'none' condition. The other stimulus parameters were the same as those used in Experiment 1.
Procedure
The procedure was similar to that used in Experiment 1. The participants were asked to respond to the motion direction of the central Gabor patch as quickly as possible. There were two presentation conditions: the MOA-0 ms condition and MOA-500+ ms condition, which were the same as those described for Experiment 1. The contrast was varied during the session in which the contrast condition was tested. There were 48 sets of parameters tested for the contrast condition: six luminance contrasts Â four surround types ('static', 'same', 'opposite', and 'none') Â two motion directions for the center (leftward or rightward). For the noise condition trials, the noise level was varied within a session. There were 32 sets of parameters tested for the noise condition: four noise levels Â four surround types ('static', 'same', 'opposite', and 'none') -Â two motion directions for the center. The participants responded six times to each of the sets of stimulus conditions. Hence, there were 288 trials in the contrast condition, and 192 trials in the noise condition. The MOA condition (MOA-0 ms or MOA-500+ ms) was varied between sessions.
Participants
Seven undergraduate or graduate students, who were unaware of the purpose of the experiments, participated in the trials. They had also participated in Experiment 1.
Results
The RTs of incorrect responses were removed from the data. The RTs of incorrect responses were removed from the data. The RTs larger or smaller than the average ±3 standard deviations in each session were also removed as in Experiment 1. Less than 1.0% of the total responses were incorrect (with a mean of 0.5% for each participant), and the total discarded responses were below 2% (with a mean of 1.5%) for each participant.
Experiment 2a
The RTs from the contrast condition trials, which have been averaged across the participants, are shown in Fig. 4 . The results for the MOA-0 ms condition trials are shown in Fig. 4a . The RTs were shorter for the 'static' and 'none' condition trials than for the 'same' and 'opposite' condition trials at contrasts ranging from 11% to 92%. There was little difference between the RTs for the 'static' and 'none' trials, and the 'same' and 'opposite' trials at contrasts ranging from 11% to 92%. At 2.8% contrast, however, the RTs from the 'same' condition trials were larger than those for the other surround conditions. A two-way (surround type Â contrast), repeatedmeasures ANOVA was conducted on the results. The main effect of contrast was found to be significant (F(5, 30) = 27.3, p < 0.001). The RTs decreased as the contrast increased. The main effect of surround type (F(3, 18) = 12.2, p < 0.001) was also significant. The interaction of surround type and contrast (F(15, 90) = 1.6, p = 0.09) was marginally significant. A post hoc test using Ryan's method showed that the RTs were significantly shorter for the 'static' and 'none' conditions than for the 'same' and 'opposite' conditions. The differences between 'static' and 'none', and between 'same' and 'opposite' were not significant at the significance level of 5%. The data for trials using 2.8% contrast were extracted, and a one-way ANOVA was conducted on the extracted data. The main effect of surround type was significant (F(3, 18) = 13.3, p < 0.001). A post hoc test by Ryan's method showed that the RTs from the 'same' condition trials were significantly larger than those from trials with the other surround conditions.
The average RTs from the MOA-500+ ms condition trials are shown in Fig. 4b . The RTs were shorter for the 'static' and 'none' condition trials than for the 'same' and 'opposite' condition trials. There was little difference between the RTs from the trials with the 'static' and 'none' conditions at contrasts of 2.8%, 5.5%, 46%, and 92%. However, the RTs for the 'same' condition trials were larger than those for the 'opposite' condition trials at 11% and 22% contrasts (although the differences were not statistically significant as shown below). The difference disappeared at contrasts higher than 22% and lower than 11%. A two-way (surround type Â contrast), repeated-measures ANOVA showed that the main effect of contrast (F(5, 30) = 43.5, p < 0.001) was significant. The RTs decreased as the contrast increased. The main effect of surround type (F(3, 18) = 7.9, p = 0.002) was also significant. The interaction of surround type and contrast (F(15, 90) = 1.4, p = 0.16) was not significant. A post hoc test by Ryan's method showed that the RTs were significantly shorter for the 'static' and 'none' condition trials than for the 'same' and 'opposite' condition trials. The differences between 'static' and 'none', and between 'same' and 'opposite' were not significant. The data from trials that used contrasts of 11% and 22% were extracted, and a two-way ANOVA was conducted on the extracted data. The main effect of surround type was significant (F(3, 18) = 7.4, p = 0.002). However, a post hoc test by Ryan's method showed that the difference between the RTs for the 'same' and 'opposite' conditions was not significant, even though the RTs for the 'same' and 'opposite' conditions at 11% and 22% contrast appear to be different.
The RTs in the noise condition are shown in Fig. 5 . The RTs from the MOA-0 ms condition are shown in Fig. 5a . The RTs from trials with the 'static' and 'none' conditions were a little shorter than those with the 'same' and 'opposite' conditions, although the difference was not as clear as in the contrast condition. A two-way (surround type Â noise level), repeated-measures ANOVA showed that the main effects of surround type (F(3, 18) = 4.0, p = 0.025) and noise level (F(3, 18) = 4.3, p = 0.020) were significant. The interaction of surround type and noise level (F(9, 54) = 1.1, p = 0.35) was not significant.
The RTs for the trials with the MOA-500+ ms condition are shown in Fig. 5b . The RTs in the trials with the 'same' and 'opposite' conditions were shorter than those in trials with the 'static' and 'none' conditions at a noise level of zero. However, the difference decreased as the noise level increased. A two-way (surround type -Â noise level) repeated-measures ANOVA showed that the main effects of surround type (F(3, 18) = 5.3, p = 0.009) and noise level (F(3, 18) = 13.1, p < 0.001) were significant. The interaction of surround type and noise level (F(9, 54) = 2.2, p = 0.033) was also significant. The simple main effect of surround type was significant for noise levels of zero (F(3, 72) = 9.0, p < 0.001) and 0.5 (F(3, 72) = 3.1, p = 0.033), and marginally significant for a noise level of 0.25 (F(3, 72) = 2.2, p = 0.090), but not significant for a noise level of 0.75 (F(3, 72) = 0.53, p = 0.66). These results indicate that there was little difference between the RTs for trials of different surround types at a noise level of 0.75.
Experiment 2b
The average RTs of all participants for each of the contrast conditions are shown in Fig. 6 . The results for the MOA-0 ms condition are shown in Fig. 6a . The RTs were shorter for the trials with the 'static' and 'none' conditions than for the trials with the 'same' and 'opposite' conditions at contrasts ranging from 5.5% to 92%. There was little difference between the RTs from the trials with the 'same' and 'opposite' conditions over this contrast range. At 2.8% contrast, however, the RTs for the 'same' condition were larger than those for the other surround conditions. A two-way (surround type Â contrast) repeated-measures ANOVA was conducted on the results. The main effect of contrast (F(5, 30) = 18.9, p < 0.001) was found to be significant. The RTs decreased as the contrast increased. The main effect of surround type (F(3, 18) = 13.5, p < 0.001) was also significant. The interaction of surround type and contrast (F(15, 90) = 1.4, p = 0.15) was not significant. A post hoc test using Ryan's method showed that the RTs from the trials with the 'static' and 'none' conditions were significantly shorter than for the RTs from the trials with the 'same' and 'opposite' conditions. The differences between the RTs from the 'static' and 'none' trials and from the 'same' and 'opposite' condition trials were not significant. The data collected at 2.8% contrast were extracted, and a one-way ANOVA was conducted on the extracted data. The main effect of surround type was found to be significant (F(3, 18) = 10.4, p < 0.001). A post hoc test using Ryan's method showed that the RTs for the trials with the 'same' condition were significantly larger than those for the other surround-type conditions. The average RTs for the MOA-500+ ms condition are shown in Fig. 6b . The RTs were shorter for the trials with the 'static' and 'none' conditions than for the trials with the 'same' and 'opposite' conditions at all the tested contrasts. There was little difference between the RTs from the trials with the 'same' and 'opposite' conditions. A two-way (surround type Â contrast), repeated-measures ANOVA was conducted on the results. The main effect of contrast (F(5, 30) = 10.3, p < 0.001) was found to be significant. The RTs decreased as the contrast increased. The main effect of surround type (F(3, 18) = 8.8, p < 0.001) was significant. The interaction of surround type and contrast (F(15, 90) = 1.5, p = 0.13) was not significant. A post hoc test using Ryan's method showed that the RTs for the trials with the 'static' and 'none' conditions were significantly shorter than those for the trials with the 'same' and 'opposite' conditions. The differences between the 'static' and 'none' trial RTs, and between the 'same' and 'opposite' trial RTs were not significant.
The RTs from the noise condition trials are shown in Fig. 7 . The RTs for the trials with the MOA-0 ms condition are shown in Fig. 7a . The RTs were a little shorter for trials using the 'static' and 'none' conditions than for trials using the 'same' and 'opposite' conditions. A two-way (surround type Â noise level), repeatedmeasures ANOVA showed that the main effect of surround type (F(3, 18) = 5.5, p < 0.01) was significant, but the main effect of noise level (F(3, 18) = 0.99, p = 0.42) and the interaction of surround type and noise level (F(9, 54) = 0.53, p = 0.85) were not significant.
The RTs for the trials using the MOA-500+ ms condition are shown in Fig. 7b . The RTs for the 'same' and 'opposite' condition trials were somewhat larger than those for trials with the 'static' and 'none' conditions. A two-way (surround type and noise level), repeated-measures ANOVA showed that the main effect of surround type (F(3, 18) = 8.9, p < 0.001) was significant, but the main effect of noise level (F(3, 18) = 1.3, p = 0.32) was not significant, and the interaction of surround type and noise level (F(9, 54) = 1.1, p = 0.38) was also not significant. 
Discussion
The main results of this experiment are as follows. First, the RTs for direction discrimination decreased as the contrast increased. Second, the RTs for the target moving in the same direction as the surround motion direction were almost the same as those for the target moving in the opposite direction, except at 2.8% contrast. Third, in the trials with the MOA-0 ms condition, the RTs for the target moving in the same direction as the surround motion direction were larger than those for the target moving in the opposite direction to the surround at 2.8% contrast. In the trials with the MOA-500+ ms condition, however, this difference between the RTs due to motion in the 'same' and 'opposite' direction at low contrast was not observed. Such clear effects of MOA were not observed at the other levels of contrast. Fourth, the RTs for the target surrounded by a moving grating were larger than those with a static surround or no surround. Although there were some differences between the results of Experiment 2a and those of Experiment 2b, these four trends were repeatedly observed in the experiments. Burr and Corsale (2001) reported the dependence of RT to motion onset on contrast. Their results can be explained by a simple model that accumulated a change in contrast over time until a critical threshold had been reached. The decrease of RT for direction discrimination with the increase of contrast in the center-surround configuration could be explained by the same mechanism. Kuldkepp et al. (2011) reported longer RTs to motion onset of a target surrounded by a moving grating than RTs to a drifting target surrounded by a static one. Here, we found that RTs to discriminate motion direction of a target with a moving surround are longer than those for a target with no surround or a static surround. These results indicate that motion in the surround impairs the performance of direction discrimination and motion detection. Possible reasons for this will be discussed in Section 4.
The RTs for direction discrimination in trials with the 'same' and 'opposite' conditions were the same, except at very low contrast in the trials with the MOA-0 ms condition. Little relative motion effect on RTs to motion onset was also reported (Kuldkepp et al., 2011) . The center-surround antagonistic processing of motion for moderate and high luminance contrasts is supported by many studies (e.g., Allman, Miezin, & McGuinness, 1985; Born, 2000; Levi & Schor, 1984; Murakami & Shimojo, 1995 , 1996 Over & Lovegrove, 1973; Tanaka et al., 1993) . However, RTs for motion detection and direction discrimination do not show signs of center-surround processing of motion. This issue will be also discussed in Section 4.
At low contrast in the trials with the MOA-0 ms condition, however, the RTs to the target moving in the same direction as the surround were longer than those for the target moving in the opposite direction. This result implies surround suppression at low contrast for an abruptly presented moving stimulus. Based on the effect of stimulus size at low contrast, Tadin et al. (2003) argued that surround suppression of moving targets disappears at low contrast. Paffen et al. (2005) examined suppression using binocular rivalry, and reported that surround suppression peaked at a smaller surround width at low contrast than at high contrast. Paffen et al. (2006) also provided evidence that supports little surround suppression during binocular rivalry at very low contrast (1.5%). However, the results of Experiments 2a and 2b were inconsistent with the findings of Tadin et al. (2003) and Paffen et al. (2005 Paffen et al. ( , 2006 . Further, Hanada (2010) reported that even at low contrast, a static or counterphase flickering grating surrounded by another moving grating appears to move in the opposite direction as the surround motion direction. The results of Hanada (2010) and the results of our trials with the MOA-0 ms condition suggest that substantial surround suppression can occur at low contrast under certain conditions. This discrepancy in surround suppression at low contrast may be explained by the stimulus duration. In our study, the stimulus duration in most of the trials was less than 1.0 s, and a stimulus duration of 1.0 s was used in the study of Hanada (2010) on induced motion. In contrast, a much longer stimulus duration (more than 15 s) was used in the studies of Paffen et al. (2005 Paffen et al. ( , 2006 on binocular rivalry. Furthermore, the paradoxical effect of stimulus size on motion aftereffect, which was reported by Tadin et al. (2003) , suggests that little surround suppression of sustained moving stimuli occurs at very low contrast. At low contrast, surround suppression may weaken for long stimulus durations, but not for short durations.
In the trials with the MOA-0 ms condition, the difference in RTs for the different surround types disappears at a high noise level. In the trials with other conditions, however, the effects of noise were unclear. Moreover, the addition of noise did not clearly increase the RTs for direction discrimination except for trials in which there was no surround. In Experiment 1 and in the trials using the 'none' condition of Experiments 2a and 2b, however, clear effects due to the addition of noise were observed. The reason for the weak effect of noise on the target surrounded by a moving grating is not clear.
General discussion
In this study we examined how MOA altered the effects of stimulus size on RTs for direction discrimination. RTs were found to increase with the increase of stimulus size at high contrast without MOA, but decrease with it at low contrast. However, even at high contrast, when there was MOA, RTs did not increase with the increase of stimulus size. These results suggest that stimulus onset strongly alters the effect of stimulus size on direction discrimination, and implies that sudden stimulus onset strengthens surround suppression. We also examined how noise alters the effect of size on direction discrimination. It was shown that when there was no MOA, RTs increased with an increase of stimulus size at low noise levels, but did not increase with an increase of stimulus size at high noise levels. At medium noise levels, RTs were the shortest at medium stimulus sizes. The research of Churan, Richard, and Pack (2009) and our study showed that stimulus onset and disappearance due to very short durations substantially contributes to the paradoxical effect of stimulus size at high contrast. In daily life, such sudden stimulus onset frequently occurs in saccade. The paradoxical size effect may be related to visual processing during saccade. During saccade, the whole visual field moves abruptly. As a result, motion signals in saccade should be unstable and unreliable. It is well known that visual processing is suppressed during saccade (e.g., Burr, Morrone, & Ross, 1994; Ross et al., 2001) . The spurious motion signals due to saccade may be also suppressed by a lateral inhibition enhanced by sudden stimulus onset. The paradoxical effect of stimulus size may be the demonstration of such lateral inhibitions of motion signals in saccade.
It should be noted that the findings in this study may not be applicable to a stimulus with a long presentation time. The paradoxical effect of stimulus size on motion aftereffect was reported (Tadin et al., 2003 (Tadin et al., , 2008 . Because motion onset should not affect motion aftereffect, the results cannot be explained by MOA. Further, surround suppression in binocular rivalry weakens as the contrast decreases (Paffen et al., 2006) . This cannot be explained by motion onset because the stimulus was presented for a relatively long time. The explanation for the paradoxical size effect by MOA seems to be limited to stimuli with a relatively short presentation time.
In this study, the center-surround interaction in motion was also examined using center-surround spatial configurations. The RTs for a target moving in the same or in the opposite direction as the surround were larger than those for a target with a static surround or no surround at moderate and high contrasts. There were not significant differences between the RTs for a target moving in the same direction as the surround and a target moving in the opposite direction. At 2.8% contrast in the trials with the MOA-500+ ms condition, however, the RTs for a target moving in the same direction as the surround were larger than those for a target moving in the opposite direction. Kuldkepp et al. (2011) also reported that RTs to motion onset of a target with a moving surround were larger than those of a target with a static surround. They explained their results in terms of speeds. They also showed that the perceived speed of a target surrounded by a moving grating was lower than that of a target surrounded by a static grating irrespective of the surround motion direction (Kuldkepp et al., 2011) . It has been found that the reaction to motion onset becomes slower as the target speed decreases (Allik & Dzhafarov, 1984; Kuldkepp et al., 2011; Tynan & Sekuler, 1982) . Kuldkepp et al. (2011) argued that the reduced speed due to motion in the surround is responsible for larger RTs to a target with a moving surround. However, this would not explain the absence of the relative motion effect on RTs for motion detection or direction discrimination. There is ample psychophysical and physiological evidence for center-surround antagonism in motion processing (e.g., Allman, Miezin, & McGuinness, 1985; Born, 2000; Levi & Schor, 1984; Murakami & Shimojo, 1995 , 1996 Over & Lovegrove, 1973; Tanaka et al., 1993) . The absence of this relative motion effect on RT may be explained by the interference of surround motion. Larger RTs to a target surrounded by a moving grating than those to a target with no surround or a static surround indicates that the moving surround interferes with the response to the target. To respond selectively to the target, motion signals in the surround should be suppressed in some way. For a static surround or no surround, suppression is not required and therefore a target with a static surround or no surround can be responded to faster than a target with a moving surround. Furthermore, the interference may mask the effect of relative motion. Another possibility is that the surround used in this study was clearly distinct from the center. Tadin et al. (2008) presented evidence that surround suppression is much weaker in such cases.
At low contrast in the trials with the MOA-0 ms condition, RTs for trials with the 'same' condition were larger than those for trials with the 'opposite' condition in Experiments 2a and 2b. This suggests that the center-surround interaction in motion is suppressive at low contrast. Thus, the relative motion effect was observed at low contrast, although this was not at a high or moderate contrast. On the other hand, RTs for a single Gabor patch at low contrast in trials with the MOA-0 ms condition decreased as the stimulus size increased as shown in Experiment 1. Such increases in performance with the increase of stimulus size have been explained by no or little surround inhibition at low contrast (e.g., Tadin et al., 2003) . The results at low contrast for the MOA-0 ms condition in Experiments 2a and 2b are inconsistent with the interpretation of the results in Experiment 1. The inconsistency casts doubt on the view that the decrease of RTs with the increase of stimulus size results in weak surround suppression. As the stimulus becomes larger, it would be detected by more motion units in the visual system. Hence, due to probability summation, performance may be improved as the stimulus size increases even if motion units are somewhat suppressed by the surround moving in the same direction as the center. Further psychophysical and modeling studies would be required to clarify what the decline in performance with the increase of the size means.
The size effect (the decrease of direction discrimination performance with the increase of stimulus size) found by Tadin et al. (2003) has been used in aging and clinical studies (Betts, Sekuler, & Bennett, 2009; Betts et al., 2005; Golomb et al., 2008; Lewis, Sekuler, & Bennett, 2008; Tadin et al., 2006) . For example, the size effect at high contrast is weaker for elderly people than for younger people (Betts, Sekuler, & Bennett, 2009; Betts et al., 2005) . This has been explained by weak inhibition in neural processing for elderly people. However, the effect of stimulus size can be eliminated by simple procedures such as the introduction of motion onset asynchrony as shown by Churan et al. (2009) and this study. Moreover, another explanation, which does not resort to surround suppression, was presented (Aaen-Stockdale et al., 2009) , though this mechanism cannot explain the size effects for stimuli present for a short duration (Glasser & Tadin, 2010) . These results suggest that the paradoxical effect of stimulus size on motion perception may not reflect only surround suppression in motion under some conditions. The paradoxical size effect should be used cautiously in clinical and aging studies.
